IMRT treatments using multi-leaf collimators may involve a large number of segments in order to spare the organs at risk. When a large proportion of these segments are small, leaf positioning errors may become relevant and have therapeutic consequences. The performance of four head and neck IMRT treatments under eight different cases of leaf positioning errors has been studied. Systematic leaf pair offset errors in the range of ±2.0 mm were introduced, thus modifying the segment sizes of the original IMRT plans. Thirty-six films were irradiated with the original and modified segments. The dose difference and the gamma index (with 2%/2 mm criteria) were used for evaluating the discrepancies between the irradiated films. The median dose differences were linearly related to the simulated leaf pair errors. In the worst case, a 2.0 mm error generated a median dose difference of 1.5%. Following the gamma analysis, two out of the 32 modified plans were not acceptable. In conclusion, small systematic leaf bank positioning errors have a measurable impact on the delivered dose and may have consequences for the therapeutic outcome of IMRT.
Introduction
Intensity modulated radiation therapy (IMRT) is a 3D conformal method that has demonstrated a great potential in shaping dose distributions, especially for irregularly shaped target volumes. IMRT is particularly recommended for head and neck tumours as it can spare the parotid glands (Braam et al 2006) . High doses to these glands can lead to severe complications such as xerostomia (dry mouth) and difficulties on mastication, among others (Eisbruch et al 1999 , Roesink et al 2001 .
The most common way to perform IMRT is the use of a multi-leaf collimator (MLC) installed in the head of the accelerator, where the beam modulation is achieved using many small segments. Therefore, knowledge of MLC characteristics such as leaf positioning, longterm reproducibility and radiation leakage between the leaves is required in order to validate the segmented dose delivery. Many authors have addressed these issues (Jordan and Williams 1994 , Hounsell and Jordan 1997 , Hansen et al 1998 , LoSasso et al 1998 , Budgell et al 2000 , Low et al 2001 , Yang and Xing 2003 , Bayouth et al 2003 , Sastre-Padro et al 2004 .
IMRT of head and neck (H&N) cancers generally requires highly modulated treatment fields with small segments, while e.g. prostate cancer requires less complex and larger segments (Arnfield et al 2005) . When the major proportion of the total dose is delivered by small segments, leaf positioning errors may become relevant and have dosimetric and thus therapeutic effects. For some special cases of dynamic delivery, it has been shown that a 1.0 mm leaf positioning error could result in more than 10% dosimetric error (LoSasso et al 1998 , Budgell et al 2000 .
Several studies have addressed the impact of set-up inaccuracies, organ motion, margin definition and other sources of random and systematic errors in IMRT (Xing et al 2000 , Budgell et al 2000 , Bortfeld et al 2002 , Samuelsson et al 2003 , Siebers et al 2005 , Astreinidou et al 2005 . These studies were based on dose planning calculations, simulations and/or dose measurements. In this work, we have studied the impact of systematic MLC leaf positioning errors on step and shoot IMRT delivery for head and neck treatments. A systematic leaf positioning error is in this case a constant error of the entire leaf bank, assumed to occur due to a wrong calibration of the leaf positioning. Such systematic errors could generate significant deviations from the expected dose inside the target. By means of comparative film dosimetry, the consequences of leaf positioning errors were evaluated using the dose difference and gamma index introduced by Low et al (1998) and Harms et al (1998) . Analysis of the dose difference and the gamma index are the most common tools for quality assurance (QA) of IMRT deliveries where the calculated dose distribution is compared to measurements. We used a variation of this QA, where the film irradiated with the original segments was compared to the films irradiated with segments with leaf positioning errors. In this way the results report mainly on the effect of the errors introduced and become independent of the quality of the dose calculation model and other possible systematic contributions.
Methods and materials

Patients and treatment plans
Four patients with different stages of oropharyngeal cancer and varying tumour shapes were randomly selected for this study. Following the treatment protocol (Braam et al 2006) , the CT data, with 3 mm slice thickness, were transferred to the RT planning system (PLATO RTS version 2.4; Nucletron BV, Veendaal, The Netherlands) where the gross tumour volume (GTV primary ), the clinical target volume for the relevant lymph nodes (CTV lymph nodes ) and the organs at risk (OARs) were delineated. The GTV primary was expanded non-uniformly in three dimensions (2 cm cranially; 1 cm caudally, ventrally and medially and 0.5 cm laterally and dorsally), creating the CTV primary . Margins for set-up errors and organ movements of 5 mm were added, creating the PTV primary and the PTV lymph nodes . The delineated organs at risk were the spinal cord, the brain and the parotid glands.
The IMRT treatment plans were generated with the inverse planning module PLATO-ITP version 1.1 (Nucletron BV, Veendaal, The Netherlands). The segmentation was done using a 'close-in' algorithm with a minimum leaf gap of 1 cm. There was no restriction on the minimum number of monitor units (MUs) per segment, but no segments with less than 2 MU occurred. The maximum number of segments was set to 100. The beam geometry consisted of five (patients 1, 3 and 4) or seven (patient 2) coplanar and equidistant beams, with the first beam at 0
• gantry angle. The number of intensity levels was set to 15. Thirty fractions were to be delivered over 6 weeks five times a week with 6 MV photons in a simultaneous integrated boost strategy. The prescribed dose to the CTV primary was 66 Gy (2.2 Gy/fraction) and for the CTV lymph nodes 54 Gy (1.8 Gy/fraction).
MLC and linac
For the IMRT delivery, a multi-leaf collimator (MLCi) installed on a SL i 15 (Elekta Oncology Systems, Crawley, UK) linear accelerator was used. This MLC has 40 leaf pairs 1 cm wide at the isocentre and is situated in the crossline direction when the collimator is at 0
• . Detailed descriptions of the MLC design and characteristics have been given by Jordan and Williams (1994) and Huq et al (1995) .
Leaf positioning errors
Prior to the current measurements, the MLC was calibrated according to the strip test proposed by Sastre-Padro et al ( 2004) with an accuracy of ±0.2 mm. The repositioning stability of the leaves for this MLC was estimated to ±0.2 mm (Sastre-Padro et al 2004). The simulated MLC calibration errors studied in the current work were systematic leaf bank offsets that altered the position of all leaf pairs by the same amount and in opposite directions. The consequences were either an enlargement or a reduction of the segments relative to their original size. To simulate the leaf bank offsets, we edited the MLC-file containing the leaf position information and altered the position of the leaves by a given offset, creating a modified MLC-file. The minimum size of the leaf pair errors was set to 0.5 mm, corresponding to 0.25 mm per leaf bank (which is comparable to the repositioning stability). The leaf pair offsets were in the range of [−2.0, +2.0] mm. In this context, a negative offset means that the position of the leaves has been forwarded with respect to their original position, decreasing the segment area, while a positive offset means the opposite. For example, an offset of +1.0 mm means that each leaf bank has been retracted 0.5 mm relative to their original position, increasing the total segment area.
Film dosimetry
Enhanced dynamic range films (EDR2, Kodak, Rochester, NY) 30 × 30 cm 2 , situated at the isocentre in the horizontal plane and embedded in two slabs of PPMA 5 cm thick, were used. For each patient, nine films were irradiated: one with the original leaf bank positions and the other eight with modified MLC-files. It is emphasized that each film was exposed to an entire plan (all beams and segments), and a beam to beam approach where all beams are exposed at 0
• gantry, was thus not taken. To find the position of the isocentre on the film, four pin-holes outside the beam along the central axis crosshairs were used. The estimated accuracy of finding the isocentre is not better than 0.5 mm, considering the width of the crosshair shadows used to pin the film.
The films were scanned with a laser film digitizer (Lumisys Lumiscan LS75, Rochester, NY) with a pixel size of 0.4 mm. Scan corrections in the scan direction, based on software developed at the department, were used to avoid geometrical distortions associated with the scanning process. Prior to scanning, the scanner was warmed for at least 30 min.
A film calibration curve converting the optical density of the irradiated film to dose was created by exposing a 60
• physical wedge field with 6 MV photons on three films, using 300, 700 and 1500 MU. This resulted in three overlapping curves as the thin part of the wedge at 300 MU overlaps with the thick part of the wedge at 700 MU, and similarly between 700 and 1500. The average values of the optical density were assigned to dose measurements in a water tank and fitted to a fifth-order polynomial function. This calibration curve covered a range from 0 to 3.4 Gy.
The isocentre dose was measured using a 0.04 cm 3 ionization chamber (IC04, IBA/Wellhöfer, Germany) in the same phantom geometry as used for the film irradiation.
The dose values in each film were renormalized to the corresponding isocentre dose to reduce uncertainties associated with the film calibration process.
Dose difference and gamma index
The film images were converted to DICOM and exported to the OmniPRO-ImRT software (v1.4.0.1, Scanditronix Wellhofer) for calculating the dose difference and gamma distributions. Each film irradiated with the modified segments (containing leaf positioning errors) was compared to the film irradiated with the original segments. Dose values below 30% of the maximum dose were not included in order to limit the analysis to the high dose region of the film. When performing standard QA for IMRT treatments, the calculated dose matrix is compared to the irradiated film. Differences may in that case be due to several factors: incorrect dose calculations, lack of dose linearity for small number of monitor units, the quality of the film developing process, the goodness of the corresponding calibration curve and leaf repositioning errors, among others. In the current work, if the gamma criteria were set to 3 mm and 3%, as typical for IMRT QA for patients , Stock et al 2005 , the effect of leaf positioning errors will be small and the gamma evaluation will have little relevance as all simulated errors may appear as acceptable. Therefore, the gamma criteria were set to 2 mm and 2% in this study. The areas of high dose gradients were included in the distance to agreement (DTA) distributions and omitted when assessing the dose difference. Figure 1 shows the distribution of the distances between leaf pairs for each patient. As apparent, large intra-and interpatient variations are present. The treatment plans for patients 2 and 4 contained a similar number of segments, 77 and 84 respectively, while patients 1 and 3 had 39 and 61 segments, respectively. See table 1 for additional beam characteristics. Figure 2 shows dose images from films irradiated with the original segments for each patient. Patients 2 and 4 presented larger treatment areas and larger dose variations than patients 1 and 3. Figure 3 shows dose images from films irradiated with no and +2 mm leaf pair error. As evident, the dose images are quite similar. However, disagreements appeared when calculating the dose difference and gamma value.
Results
In figure 4 , frequency histograms of the dose difference distributions (excluding areas of high dose gradients after a gamma evaluation) are presented. The histograms often have a slightly lognormal shape with a median and skewness that shifted from negative to positive as the leaf pair error varied from −2.0 to +2.0 mm (figure 4). For instance, the median and figure 5 , the dependence of the median dose difference on the leaf pair error is shown for each patient, with the error bars corresponding to the 25th and 75th percentiles, respectively. The skewness of the distributions is demonstrated by the percentiles. First-order least-squares linear regressions on the data in figure 5 indicate that the median dose difference increases approximately linearly with the leaf pair error. However, the slope of the regression curves varies from patient to patient, where patient 4 is the most sensitive to the leaf pair errors with a slope of 0.70% mm −1 . Figure 6 shows the dependence of the gamma values on the leaf pair errors, with the error bars corresponding to the 95th percentile. The 95th percentile was used to determine the acceptability of the leaf pair error, where the threshold value was set to a gamma index of 1. When the 95th percentile is greater than 1, more than 5% of the observations will exceed 2% or 2 mm error and the corresponding leaf pair error was considered unacceptable. As shown in figure 6, two out of 32 studied cases were not accepted by the gamma evaluation. These two cases were found for patient 4.
By quadratic interpolation of the data in figure 6 , the median gamma value and the corresponding 95th percentile at 0 mm leaf pair error (averaged over the patient population) was 0.24 ± 0.02 and 0.54 ± 0.04 (± standard error), respectively. 
Discussion
The current work shows that systematic MLC leaf pair errors in the order of a few millimetres have small but measurable impact on IMRT deliveries. Systematic leaf positioning errors are mainly due to inaccuracies in the calibration of the relevant MLC unit. For the Elekta MLC employed in this study, leaf calibration is performed by so-called gain and offset corrections.
With an incorrect gain value, the leaf positioning error will increase linearly with the distance Figure 4 . Dose difference frequency histograms for patient 3 when −2 and +2 mm leaf pair errors were introduced (left and right panels, respectively). from the central axis. An offset error will, on the other hand, change the leaf position by a constant value. MLC misadjustments that imply offset corrections are the type of errors considered in this project, more specifically misplacements of both leaf banks in opposite directions. Leaf positioning errors with both leaf banks shifted in the same direction were not included because they have the same effect as shifting the isocentre of the field (Samuelsson et al 2003 , Siebers et al 2005 . Furthermore, individual leaf calibration errors were not incorporated in this study, as we wanted to have a 'worst case scenario' to determine the required leaf positioning accuracy for IMRT deliveries. The consequences of individual leaf calibration errors are expected to be less significant than a whole leaf bank error. The main source of systematic leaf positioning errors is an inappropriate MLC calibration procedure. For a typical Elekta MLC calibration procedure, using the water phantom to align the central leaf and the light field to visually align the other leaves relative to the central one, a precision in the order of 0.5 to 1.0 mm can be obtained (Budgell et al 2000) . Therefore, finding the correct position of the central leaf becomes crucial. If the central leaf is incorrectly positioned, all other leaves of the leaf bank will be misplaced as well. In this work, we have demonstrated that leaf pair errors of this type have a measurable effect on the dose distributions of H&N IMRT treatment plans. When a 1.0 mm error for all individual leaves was present during treatment (corresponding to a leaf pair error of 2 mm), the median dose difference was typically 1.0% (figure 5). A dose error of such a small magnitude is not expected to be clinically relevant. However, in the worst case (patient 4 with maximum error), the 25th and 75th percentiles were in the range of [0.5, 2.5]%. The corresponding 5th and 95th percentiles were [0.0, 4.0]%. Hence, a required leaf positioning accuracy of at least 1.0 mm on each leaf might be essential for a correct IMRT delivery. Protocols for the precise calibration of the MLC and the measurement of leaf positions, as previously described (Sastre-Padro et al 2004 , Bayouth et al 2003 , provide the required accuracy (less than 0.4 mm), reducing possible systematic leaf positioning errors. Siebers et al (2005) did extensive work on the effect of patient set-up errors on simultaneously integrated boost of H&N IMRT. Based on treatment planning calculations, their results showed that systematic shift errors (of both leaf banks in the same direction) of 1.5 mm resulted in approximately 10% of the plan having more than 3% dose error. Although Siebers et al considered a calculated shift error, while we measured the effect of increasing and decreasing all segments (not shifting), the consequences of the errors were comparable.
It is well known that the output factor is strongly dependent on the area of small segments (Budgell et al 2000) . When making a simple calculation of the output factors for equivalently squared segments, it is observed that the product of 'equivalent segment area' times the output factor (proportional to the film dose) varies linearly with respect to the leaf positioning error (data not shown). These trends are in accordance with the current results ( figure 5) .
In addition to the systematic leaf pair errors introduced, there are other contributions to the differences between the irradiated films. For instance, varying segment output and repositioning errors may be of significance. A different approach than what was undertaken could have been performing film dosimetry for each individual field and then assessing the total delivery. In this case, it might have been easier to identify factors contributing to the observed differences. However, this would have increased the complexity of the analysis considerably, due to the five-fold increase in the number of films to be compared.
In this work, the dosimetric sensitivity of a treatment plan to MLC leaf positioning errors is defined as the dose difference per mm leaf pair error, represented by the slopes of the regression lines in figure 5. The differences in slope between the patients suggest varying responses of the plans to the errors. Patient 4 presented the highest slope with 0.7% increase in dose per mm leaf pair error, which might be related to the corresponding large variation of leaf pair distances and heterogeneous film dose distribution (figures 1, 2, table 1). There is also a weak correlation between the number of segments per beam and the dosimetric sensitivity (data not shown). However, the large intra-and interpatient variations in beam delivery prevent further quantitative analysis of the observations in the current work.
There is not a clear consensus on how to accept or reject a plan based on the gamma evaluation method (Stock et al 2005) . Our approach was that if a significant proportion (more than 5%) of the gamma values (generated with 2%/2 mm criteria) were higher than 1, the error introduced was not accepted (Gillis et al 2005) . The median gamma value and 95th percentile at 0 mm leaf pair error was 0.24 and 0.54 (interpolated, patient averaged values), corresponding to about 0.5%/0.5 mm and 1%/1 mm, respectively. The latter may serve as an estimate of the accuracy of the film measurements, including contributions from, among others, film calibration and isocentre pinpointing. Thus, the chosen 2%/2 mm criteria were realistic tolerance settings.
Our gamma evaluation shows that MLC leaf pair errors up to at least 1 mm were acceptable for all patients (figure 6). As patient 4 presented all rejected plans, this should be due to the high sensitivity of the corresponding original plan to the errors introduced (as discussed above).
In conclusion, systematic leaf pair errors in the order of 2 mm may result in significant deviations from the original treatment plan. When calibrating an MLC leaf bank, an accuracy of 1 mm may be required to avoid unfavourable patient dose distributions.
